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Abstract. Previous observations with the Goose Bay
HF coherent-scatter radar have revealed structured
spectral peaks at ultra-low frequencies. The frequencies
of these spectral peaks have been demonstrated to be
extremely consistent from day to day. The stability of
these spectral peaks can be seen as evidence for the
existence of global magnetospheric cavity modes whose
resonant frequencies are independent of latitude. Field-
line resonances occur when successive harmonics of the
eigenfrequency of the magnetospheric cavity or wave-
guide match either the first harmonic eigenfrequency of
the geomagnetic field lines or higher harmonics of this
frequency. Power spectra observed at the SABRE VHF
coherent-scatter radar at Wick, Scotland, during night
and early morning are revealed to show similarly clearly
structured spectral peaks. These spectral peaks are the
result of local field-line resonances due to Alfve´n waves
standing on magnetospheric field lines. A comparison of
the spectra observed by the Goose Bay and Wick radars
demonstrate that the frequencies of the field-line
resonances are, on average, almost identical, despite
the different latitudinal ranges covered by the two
radars. Possible explanations for the similarity of the
signatures on the two radar systems are discussed.
1 Introduction
Field-line resonances are often detected with both
ground-based magnetometers and radar data. These
pulsations in the magnetic and electric field are
characterised by having a phase change of 180 ° in
latitude across the region of maximum amplitude on the
ground. The resonances are a consequence of standing
Alfve´n waves on geomagnetic field lines, and the
wavelength of these Alfve´n waves is such that an integral
number of half wavelengths fits into the magnetic flux
tube linking the northern and southern hemisphere (see
e.g. Hughes, 1983, and references therein)
Dungey (1954) first suggested that the origin of field-
line resonances was the Kelvin-Helmholtz instability at
the magnetopause boundary. These instabilities would
create compressional surface waves in the outer magne-
tosphere. In the presence of inhomogeneities in the
magnetoplasma, these compressional waves couple to
transverse Alfve´n waves of appropriate eigenperiods and
hence magnetospheric field lines would be driven at their
resonant periods (Tamao, 1965; Southwood, 1974; Chen
and Hasegawa, 1974).
This theory proved successful in explaining many of
the observed features of field-line resonances. However,
in these early theories there was no explanation as to
why, despite the presence of low-level power at a broad
range of ultra-low frequencies in the magnetosphere, the
observed field-line resonances were often dominated by
discrete frequencies. This difficulty led Kivelson and
Southwood (1985) to suggest that a resonant cavity
could form in the magnetosphere within which the
frequencies of the compressional waves are quantised.
The boundaries of the cavity were suggested as being the
magnetopause and the turning points of the compres-
sional waves on dipole-like field lines in the inner
magnetosphere.
Some of the strongest experimental evidence for the
existence of magnetospheric cavities has come from the
inner magnetosphere, the plasmasphere. For example
Sutcliffe and Yumoto (1989, 1991), Yeoman and Orr
(1989), Yumoto (1990), Yumoto et al. (1990), Lin et al.
(1991), Yeoman et al. (1991) have all proposed that low-
and mid-latitude Pi2 pulsations are driven by compres-
sional cavity resonances. Magnetospheric models pre-
dict that cavities should also exist in the outer
magnetosphere, although there is little experimental
evidence to support this prediction. This may in part be
due to greater damping of hydromagnetic waves in the
outer magnetosphere compared to the plasmasphere.
Ruohoniemi et al. (1991) and Samson et al. (1992)
demonstrated that, on occasions, nightside and early-
morning data from the high-latitude Goose Bay HF
radar, Canada, showed structured spectra with distinctCorrespondence to: G. Provan
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spectral peaks at a discrete set of frequencies. The
frequencies of these spectral peaks were suprisingly
stable and decreased with increasing latitude (see Fig. 1).
Samson and co-workers suggested that the spectral
peaks were created by field-line resonances driven by
magnetospheric waveguide modes. In such a model the
frequency of the fundamental resonance and successive
harmonics is independent of latitude. Field-line reso-
nances occur when harmonics of the eigenfrequency of
the magnetospheric cavity or waveguide match the
fundamental eigenfrequency, or successive harmonics,
of magnetospheric field lines, resulting in the generation
of standing Alfve´n waves on the field line at the field-line
resonant frequency. Although the explanation offered by
Samson et al. (1992) was successful in explaining many
of the observed characteristics of these resonances, the
mechanism for the stability of the resonant frequencies
remains unknown, as magnetospheric cavity and wave-
guide theory would clearly suggest that the resonant
frequencies of the cavity will depend on the dimensions
of the magnetospheric cavity, assuming the magneto-
pause to be the boundary. Such considerations, along
with the frequency ratios of the harmonic series, have
led to suggestions that the bow shock might be a more
appropriate boundary (Allan and McDiarmid, 1993).
Up to the present time such structured spectra have
only been detected by the Goose Bay radar. Thus the
significance of these observations has been open to
debate. Ziesolleck and McDiarmid (1994) employed
ground-magnetometer data in search of these mono-
chromatic field-line resonances, but their results proved
inconclusive. In view of this a study of the data from the
SABRE (Nielsen et al., 1983) radar at Wick has been
undertaken to establish whether observations taken
from a lower latitude, at a different longitude and with
a different radar system would exhibit the same
structured spectra.
2 Observations
Figure 1 displays power spectra calculated for both the
Wick and Goose Bay radars. The Goose Bay spectra
were originally calculated by Samson et al. (1992) using
the Goose Bay HF radar on 11 January 1989, between
0400 and 0600 LT. The location of the spectral peaks in
latitude and frequency have been reproduced here from
the published results. No spectral power information is
available for these spectra. The Wick spectra have been
calculated from 16 days of backscattered power data
recorded by the radar between 1981 and 1989, the days
being selected because a visual inspection of the data
revealed that considerable ULF wave activity was
present.
The Wick data employed in Fig. 1 were recorded
over a 1-h interval between 0145 and 0245 UT in the
latitude range 61 ° N to 67 ° N [altitude-adjusted correc-
ted geomagnetic (AACGM) coordinates, based on
PACE geomagnetic coordinates, Baker and Wing,
(1989)]. Radar backscattered power data, recorded in
dB, were sampled at 20-s intervals. Thus each interval
analysed consisted of 180 data points.
The backscattered power recorded at Wick was
filtered at 1000 s to remove long period variations not
associated with ULF wave activity. The data was then
reduced to zero mean and any linear trend not
associated with ULF wave activity removed, with the
time-series then tapered with a 10% cosine bell. The
FFT of the backscattered power was calculated for each
of the 16 days. The resulting spectra were averaged in
order to highlight any stable spectral features which
persisted over the 16 days of the data.
The spectra from the Wick radar have a clear
structure. There are three distinct spectral peaks with
frequencies of 1.8 mHz, a broad region of enhanced
spectral power at 2.4–2.8 mHz and a peak at 3.2 mHz.
Fig. 1. The latitude dependence of frequency
spectra derived from time-series of backscat-
tered power from the Wick VHF coherent radar
averaged over 16 days, between 0145 and 0245
UT. The spectral power is normalised to 1 for
each latitude bin and is displayed as a linear
colour scale with red representing the greatest
spectral power. Also displayed are previous
results from the Goose Bay radar (Samson et al.,
1992, grey shading), and field-line resonance
periods for each latitude, estimated from the
T89 model for two plasma-density regimes (see
text for details). Note the similarity of the
frequencies of the spectral peaks for the two
instruments
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Although the exact location in frequency of these peaks
will be determined by the length and sampling interval
of the time-series, as is inevitable in an FFT analysis, the
important feature in Fig. 1 is the existence of distinct
‘‘hot-spots’’ in frequency-latitude space, where enhanced
ULF wave activity is concentrated. The frequencies of
the spectral peaks decrease with increasing latitude,
behaviour similar to that observed at Goose Bay.
However, the peaks do not appear to belong to a simple
harmonic series and there is an additional low-frequency
peak of 1.6 mHz at a latitude of 61 ° N which does not fit
in with the above quasi-harmonic series.
A comparison of the spectra observed at the Wick
and Goose Bay radars reveal that the spectral peaks
have a very similar structure. The frequencies of the
sequences of field-line resonances at the two radars are
almost identical, except for the low-latitude, low-
frequency spectral peak, which is observed only at the
Wick radar.
Plotted over the power spectra on Fig. 1 is an
estimate of the first harmonic eigenfrequencies of
magnetic flux tubes in the magnetosphere. A Tsyganen-
ko magnetic-field model has been employed, with
appropriate conditions chosen for the time of the Goose
Bay data and appropriate average conditions for the
Wick data intervals (see Tsyganenko, 1990). The plasma
density was modelled as varying by a factor of L)4 in the
equatorial plane and by a factor of R)6 along the field
lines. Here L is the equatorial geocentric distance of the
field line measured in Earth radii and R is the radial
distance from the centre of the Earth to the field-line
element.
Modelling the magnetosphere with an equatorial
plasma density equivalent to 66 protons cm)3 at L  6
produced a good correlation between the modelled and
the observed eigenfrequencies at the Wick radar. A
similar plasma density has been inferred before (e.g.
Singer et al., 1979; Kivelson et al., 1984) and is likely to
represent a particle density of ~ 10 cm)3 with an effective
ion mass of mi ~ 7 mp (proton masses), caused by the
the presence of O+ and He+ in the plasmatrough. In
order to produce a reasonable correlation with the
Goose Bay data, an equatorial plasma density equiva-
lent to 38 protons cm)3 at L  6 was required.
3 Discussion
Observations from the Goose Bay radar have provided
evidence of the existence of global magnetospheric
cavity/waveguide modes (Samson et al., 1992). Here
similar observations from the Wick radar provide
independent evidence. The frequency of the funda-
mental cavity/waveguide resonance and successive
harmonics is independent of latitude. Field-line reso-
nances occur when harmonics of the eigenfrequency of
the magnetospheric cavity or waveguide match the
fundamental eigenfrequency or successive harmonics
of resonating geomagnetic field lines, producing an
harmonic series of field-line resonances, the frequency of
which decreases with increasing latitude. Suprisingly,
the eigenfrequency of the cavity/waveguide seems to
remain constant and discrete for a number of days.
Average nightside and early-morning data from the
SABRE Wick radar show discrete spectra with distinct
spectral peaks at 1.8, 2.4–2.8 and 3.2 mHz. The results
confirm observations of a harmonic series with highly
stable frequencies previously made at the Goose Bay HF
radar, Canada. At Goose Bay the frequencies of the
spectral peaks were 1.3, 1.9, 2.6–2.7 and 3.2–3.4 mHz.
The Wick radar does not detect pulsations with
frequencies as low as 1.3 mHz. This is due to the radar
being at a lower latitude than Goose Bay. The
geomagnetic field lines which map into the ionosphere
near Wick are too short to support waves of this low
frequency. The observations from Wick, derived from a
larger database and from a different longitude and
latitude sector than those from Goose Bay, and with
different instrumentation, have confirmed the Goose
Bay observations, and put such radar observations on a
more statistical footing.
Although the datasets from the Goose Bay and Wick
radars, taken independently, are very similar to magne-
tospheric cavity resonance/waveguide models, combin-
ing the results from the two radar systems has
demonstrated the occurrence of two near identical
harmonic series at two separate latitudes, in contrast
to the expectations from simple cavity-resonance-driven
models, which predict that as the latitude decreases the
frequency of the spectral peaks increases to match
successively higher harmonics of the cavity resonance
frequency. The Wick spectra suggest that the frequency
of the field-line resonances has a more complex
dependence on latitude, and that the first three
harmonics of the resonance frequency can be observed
in two distinct, latitudinally separated regions.
It is possible that the observed spectra can be
explained by only a slight modification of the cavity-
driven field-line resonance model, involving a more
careful treatment of the effect of the variation of plasma
density with L-shell on the observed spectra.
If, for example, the field-line resonances observed on
the Goose Bay radar are the result of resonances on field
lines in the plasmatrough, while the frequencies ob-
served at the lower-latitude Wick radar are created by
waves resonating on field lines in the plasmasphere, the
increase in ion density in the plasmasphere compared to
the plasmatrough would reduce the frequency of Alfve´n
waves within the plasmasphere. However, an examina-
tion of the geomagnetic activity prevailing during the 16
days of Wick data suggests that it is unlikely that the
whole of the Wick field of view was in the plasmasphere
for a significant number of days.
The plasma density along geomagnetic field lines will
vary not only with L-shell, but also as a function of time
of day and prevailing geomagnetic conditions. As the
magnetospheric plasma density varies, the eigenfre-
quency of a field-line resonance at a given location will
fluctuate, or equivalently, the location of a given field-
line resonance frequency will vary. Thus given a cavity
resonance frequency which is constant, the latitudinal
position of the field-line resonances driven by such a
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cavity resonance will vary, but not the frequency. Such a
plasma-density variation could lead to the observation
of the identical harmonic series of field-line resonances
occurring in distinct latitudinal regions, although a large
variation in plasma density is required. An alternative
explanation could be that the higher-latitude harmonic
series is a consequence of coupling of the same harmonic
series of cavity resonances to higher harmonics of the
resonant field lines. However, this explanation requires a
field-line resonant period of ~ 1000 s for the Goose Bay
observation at 70 ° –71° AACGM, which would require
an unrealistically high plasma-density distribution, or a
very highly distorted geomagnetic field.
Another puzzling feature of the Wick data is the low-
latitude, low-frequency spectral peaks at 1.6 mHz. This
peak does not fit in with the quasi-harmonic series in the
Wick spectra. The modelling work of Allan et al. (1986)
and Zhu and Kivelson (1989) suggests that low-
frequency spectral peaks can occur at low latitude if a
realistic plasmapause structure is included when model-
ling the magnetosphere. If the fundamental eigenfre-
quency of the magnetospheric cavity/waveguide is
~ 1.3 mHz, as suggested by Samson et al. (1992), then
1.6 mHz is a plausible frequency for such a mode (Allan
et al., 1986; Zhu and Kivelson, 1989). The low-latitude
peak could thus be evidence of such a compressional
mode, or could be a field-line resonance driven by the
cavity mode within the plasmasphere at the lower
latitude of the Wick radar field of view. The frequency
of 1.6 mHz is very low for a plasmaspheric field-line
resonance, however.
4 Concluding remarks
A comparison of the field-line resonances observed at
the Goose Bay and Wick radars has been made.
Although the two radars cover different latitudinal
ranges, the frequencies of the observed field-line
resonances are almost identical. In both cases a stable
sequence of harmonic peaks was observed. The observed
spectra cannot be explained by a straightforward
application of the cavity/waveguide resonance theory.
Although we believe that the Wick and Goose Bay
results point towards the existence of the global
magnetospheric cavity modes, much research remains
to be done before the detailed structure and source of
the modes is understood. A particularly interesting
feature is the seeming stability of the cavity/waveguide
eigenfrequency in a dynamic magnetosphere.
Further work will include locating the plasmapause
for the days of Wick data that have been analysed and a
more detailed study of the harmonic structure of the
field-line resonances will also be carried out for a
substantial number of days. With the CUTLASS radar
now working (see Greenwald et al., 1995), it will be
possible to bridge the gap between the Goose Bay and
Wick radars’ fields of view. It appears that a study of the
behaviour of the field-line resonances over a wide
latitudinal range, as well as consideration of the
magnetospheric conditions and structure related to the
creation of field-line resonances, is needed before the
wave signatures can be fully understood.
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